Phagocytosis of Mycobacterium tuberculosis by human mononuclear phagocytes is mediated primarily by complement receptors (CRs) but the transmembrane signaling mechanisms that regulate phagocytosis of the bacterium are unknown. We have analyzed the activation of phospholipase D (PLD) during phagocytosis of the virulent Erdman and attenuated H37Ra strains of M. tuberculosis by human monocyte-derived macrophages (MDMs), radiolabeled with [3H]-lyso-phosphatidylcholine. Phagocytosis of either Erdman or H37Ra M. tuberculosis in the presence of autologous non-immune serum was associated with a 2.5-3-fold increase in phosphatidic acid (PA). Definitive evidence for activation of PLD by M. tuberculosis was provided by markedly increased generation of the PLD-specific product phosphatidylethanol (PEt)(9.9-fold increases in [3HI-PEt for both Erdman and H37Ra strains compared to control, P <0.001, n = 12), in the presence of 0.5% ethanol. Phagocytosis of opsonized zymosan (OZ), which is also mediated by CRs, was similarly associated with activation of PLD (12.2-fold increase in PEt, P <0.001, n = 12). The competitive PLD inhibitor 2,3-diphosphoglycerate (2,3-DPG) produced concentration-dependent inhibition of PLD activity stimulated by either M. tuberculosis (-78 -+ 8%) or OZ (-73 + 6%). Inhibition of PLD by 2,3-DPG was associated with concentration-dependent reductions in phagocytosis of M. tuberculosis (-74 --+ 4%) and OZ (-68 --+ 5%). Addition of purified PLD from Streptomyces chromofuscus to 2,3-DPG-treated macrophages restored phagocytosis of M. tuberculosis to control levels. Inhibition of M. tuberculosis-or OZstimulated PA generation by ethanol was associated with concentration-dependent reductions in phagocytosis of both particles.
Summary
Phagocytosis of Mycobacterium tuberculosis by human mononuclear phagocytes is mediated primarily by complement receptors (CRs) but the transmembrane signaling mechanisms that regulate phagocytosis of the bacterium are unknown. We have analyzed the activation of phospholipase D (PLD) during phagocytosis of the virulent Erdman and attenuated H37Ra strains of M. tuberculosis by human monocyte-derived macrophages (MDMs), radiolabeled with [3H]-lyso-phosphatidylcholine. Phagocytosis of either Erdman or H37Ra M. tuberculosis in the presence of autologous non-immune serum was associated with a 2.5-3-fold increase in phosphatidic acid (PA). Definitive evidence for activation of PLD by M. tuberculosis was provided by markedly increased generation of the PLD-specific product phosphatidylethanol (PEt)(9.9-fold increases in [3HI-PEt for both Erdman and H37Ra strains compared to control, P <0.001, n = 12), in the presence of 0.5% ethanol. Phagocytosis of opsonized zymosan (OZ), which is also mediated by CRs, was similarly associated with activation of PLD (12.2-fold increase in PEt, P <0.001, n = 12). The competitive PLD inhibitor 2,3-diphosphoglycerate (2,3-DPG) produced concentration-dependent inhibition of PLD activity stimulated by either M. tuberculosis (-78 -+ 8%) or OZ (-73 + 6%). Inhibition of PLD by 2,3-DPG was associated with concentration-dependent reductions in phagocytosis of M. tuberculosis (-74 --+ 4%) and OZ (-68 --+ 5%). Addition of purified PLD from Streptomyces chromofuscus to 2,3-DPG-treated macrophages restored phagocytosis of M. tuberculosis to control levels. Inhibition of M. tuberculosis-or OZstimulated PA generation by ethanol was associated with concentration-dependent reductions in phagocytosis of both particles.
Incubation of MDMs with either Erdman or H37Ra M. tuberculosis, or OZ, resulted in rapid (onset 1 min) and sustained (60 rain) increases in the tyrosine phosphorylation (Tyr-P) of multiple MDM proteins. Prominent Tyr-P was noted in proteins of 150, 95, 72, 56, and 42 kD. The protein tyrosine kinase (PTK) inhibitors genistein and herbimycin A reduced M. tuberculosis-stimulated PLD activity by 66-84%. Inhibition of PLD activity by genistein or herbimycin A was associated with inhibition ofphagocytosis of M. tuberculosis and OZ. These data demonstrate that PLD is activated during macrophage phagocytosis of M. tuberculosis or OZ, that PTKs are involved in this stimulation of PLD, and that the extent ofphagocytosis of these particles is tightly coupled to activation of PLD.
T uberculosis is an infectious disease of global importance, whose morbidity and mortality have recently increased (1) . The worsening health burden of tuberculosis is due, in part, to increased antibiotic resistance in the causative organism, Mycobacterium tuberculosis, as well as to coinfection of patients with HIV (1, 2) . M. tuberculosis is a facultative intracellular pathogen of human mononuclear phagocytes. After phagocytosis by monocytes and macrophages, M. tuberculosis survives and replicates within these cells, despite the presence of multiple host antimicrobial effector mechanisms (2) . These observations suggest that a central feature of the pathogenesis of tuberculosis involves mycobacterial interference with, or evasion of, pathways of mononuclear phagocyte activation which normally lead to the killing of ingested organisms. The signal transduction mechanisms activated during phagocytosis of M. tuberculosis are unknown, both in regard to those transmembrane signaling pathways required for progression of the phagocytic process itself, as well as those which may be associated with more distal macrophage microbicidal functions.
Complement receptors (CR) 1 Cla,1 and CR.3 mediate phagocytosis of M. tuberculosis by human monocytes, whereas CR.4 and the mannose receptor are additionally involved in uptake by macrophages (3) (4) (5) . Most analyses of signal transduction during complement receptor (CR)-mediated phagocytosis have used nonmicrobial ligands (e.g., latex beads, erythrocytes, or zymosan coated with C3b/C3bi) (6) (7) (8) (9) , and the validity of extrapolations to the uptake of bacteria is not known. Detailed analysis of phagocyte transmembrane signaling mechanisms activated by specific organisms, such as M. tuberculosis, is indicated, as the nonmicrobial models of CR-dependent phagocytosis differ from each other in several important respects, most notably, in the involvement of additional receptor classes, the dependence of ingestion on the "activation state" of the phagocyte, and the initiation ofantimicrobial responses (6-11). Nevertheless, previous work suggests that diglycerides and protein kinase C (PKC) regulate the CP,-dependent phagocytosis of specific particles (7) (8) (9) (12) (13) (14) . Andersson and coworkers have recently demonstrated that phospholipase D (PLD) is activated during phagocytosis of opsonized zymosan (OZ) by neutrophils, and that the PLD/phosphatidic acid phosphohydrolase pathway is the major source of diglycerides for activation of PKC during this event (8) . The PLD-initiated pathway is also the primary route of diglyceride generation in phagocytes stimulated by soluble agonists such as formylated peptides and complement component C5a (15, 16) .
The aims of the present study were to determine whether PLD is activated during phagocytosis of M. tuberculosis or OZ by human macrophages, and to analyze the relation between activation of PLD and the extent of particle phagocytosis.
Materials and Methods
Chemicals. Hepes, zymosan, 2,3-diphosphoglycerate (2,3-DPG), trypan blue, leupeptin, PMSF, aprotinin, bovine pancreatic trypsin, phosphatidylethanol (PEt), and phosphatidic acid (PA) were obtained from Sigma Chemical Co. (St. Louis, MO). P, PMI 1640 and PBS were from GIBCO BKL (Gaithersburg, MD), Middlebrook 7H9 broth was from BBL Microbiology Systems (Cockeysville, MD), and 7H11 agar, oleic acid-albumin-dextrosecatalase enrichment medium, and auramine-rhodamine stain were from Difco Laboratories (Detroit, Ml purchased from Calbiochem Novabiochem (San Diego, CA). S. chromofuscus PLD and herbimycin A were from Biomol (Plymouth Meeting, PA). PY-20 ot-P-Tyr mAb was from ICN ImmunoBiologicals (Costa Mesa, CA).
Preparation of Macrophage Monolayers. Peripheral blood mononuclear cells were isolated from healthy, purified protein derivative (PPD)-negative, adult volunteers, cultured in Teflon wells, and monocyte-derived macrophages (MDM) were purified as previously described (4) . Monolayers were washed and incubated in P,.PMI-Hepes with 2.5% serum for use in experiments. MDM viability was assessed by exclusion of trypan blue, and monolayer density by nuclei counting with napthol blue-black (17) .
Bacteria. 
M. tuberculosis/MDM.
Phagocytosis of OZ was analyzed by phase-contrast microscopy, as noted previously (20, 21) . Zymosan particles were opsonized with 25% fresh human serum for 30 rain at 37~ washed and presented to MDMs at a particle to MDM ratio of 10:1. After a 30-rain incubation, monolayers were washed repeatedly and fixed in 2.5% glutaraldehyde, before microscopy. In select experiments, the accuracy of phase-contrast determinations of zymosan phagocytosis were confirmed by two additional methods; (a) limited tryptic digestion and (b) staining with trypan blue. (a) 30 min after the addition ofOZ, MDM monolayers were washed and incubated with 2.5% trypsin for 10 min at 37~ before fixation. Since controlled exposure to trypsin results in proteolysis of CR3 and mannose receptors (MRs), attached zymosan particles are removed whereas ingested particles are unaffected, and can be enumerated by phase-contrast microscopy (21, 22) . (b) MDM monolayers were prepared and incubated with OZ for 30 rain, as described above. 0.01% trypan blue was added, and coverslips analyzed by phase-contrast microscopy. Attached particles are stained with the dye, whereas phagocytosed zymosan retains its clear appearance (23) . Triplicate coverslips were analyzed for each condition. Results of the analysis of OZ phagocytosis by these three methods were in close agreement (Table l) .
Analysis of Protein Tyrosine Phosphorylation.
MDMs were adhered to 12-well tissue culture plates (,~1.0 X 106 cells/well) and cultured in RPMI (pH 7.4), 20 mM Hepes, 2.5% serum. M. tuberculosis was added to MDM monolayers at a MOI of 10:1, and incubated for various times, at 37~ in 5% CO2. At the end of the incubation, monolayers were washed with ice-cold PBS, 1 mM vanadate and then lysed in 100 I,l of 1% Triton X-100, 20 mM Tris (pH 8.0), 140 mM NaCl, I mM Na3VO 4, 2 mM EDTA, 10% glycerol, 1 mM PMSF, 20 txM leupeptin, 0.15 bL/ml aprotinin. After incubation on ice for 20 min, lysates were centrifuged at 14,000 g for 15 rain at 4~ and supernatants transfered to separate tubes. Supernatants contained no viable mycobacteria, as determined by plating on 7H11 agar. Supernatants were boiled in an equal volume of electrophoresis sample buffer, subjected to SDS-PAGE electrophoresis, transferred to PVDF membrane, and Western blotted with PY-20 cx-P-Tyr mAb, with detection by enhanced chemiluminescence (ECL) (24, 25) . To correct for the effects of herbimycin A on density of the MDM monolayer, protein concentrations of Triton X-100 extracts were determined by the bicinchoninic acid method (33) , and equal amounts of protein were used for the analysis of tyrosine phosphorylation (Tyr-P).
Analysis of Data.
Data from each experimental group were subjected to an analysis of normality and variance. Differences between experimental groups composed of normally distributed data were analyzed for statistical significance using Student's t test. Non-parametric evaluation of other data sets was performed with the Mann-Whitney Rank Sum test. Analysis of correlation was performed with the Spearman Rank Order test (27) .
Results

Phagocytosis of M. tuberculosis or Opsonized Zymosan by Human Macrophages Is Accompanied by Activation of Phospholipase D.
The PLD activity of human macrophages was quantitated by accumulation of the PLD-specific transphosphatidylation product, PEt, in the presence of 0.5% ethanol. MDMs were radiolabeled with [3H]-l-O-alkyl-lyso-PC, and [3HI-PEt generation was determined by thin layer chromatography. As shown in Fig. 1 A, resting macrophages exhibited very little PLD activity, as PEt accumulation in the 30 rain buffer control was not significantly different than the basal value at time = 0. In contrast, MDMs incubated with either the virulent Erdman or the attenuated H37Ra strains of M. tuberculosis showed significant increases in PLD activity (9.9-fold over control for each, P <0.001, n = 12). The two strains of M. tuberculosis were phagocytosed to a similar extent by MDMs; at a multiplicity of infection (MOl) of 10:1, the mean (-+ SEM) number of ingested bacilli per macrophage was 5.36 +--0.58 for Erdman and 5.84 + 0.51 for H37Ra (n = 3). Incubation of macrophages with OZ also resulted in increased PLD activity (12.2-fold over control, P <0.001, n = 12). 8.08 + 0.63 zymosan particles were ingested/MDM, and the number of attached OZ per MDM was 1.61 + 0.23 (Table 2) . Treatmerit of MDMs with 100 nM PMA served as the positive control, with generation of 647 + 96 cpm [3H]-PEt (P < 0.001, n = 10).
Phagocytosis of M. tuberculosis or OZ in the absence of ethanol was accompanied by increased production of PA, the physiologic product of PLD catalysis (Fig. 1 B) . The mean (--_ SEM) [3H]-PA cpm in resting MDMs was 177 + 24, whereas it was 498 + 76 or 461 + 59 cpm after addition of H37Ra or Erdman M. tuberculosis, respectively, and 688 + 65 cpm in macrophages phagocytosing OZ (P < 0.001 for each, n = 5). Incubation with increasing concen- Serom-OZ particles were incubated with M1)M monolayers at a particle/MDM ratio of 10:1. At 30 min, ingested and attached zymosan were enumerated by phase-contrast microscopy. In selected experiments, samples were subjected to limited tryptic digestion or staining with trypan blue to verify the accuracy of phase-contrast determinations ofzymosan phagocytosis (Table 1) . *Phagocytic index: number of particles ingested by t00 MDMs. Attachment index: number of particles attached (extracellularty) to 100 MDMs. Total cell-association: the sum of the phagocytic and attachment indices. bacteria, and plants (18 Previous work has demonstrated that in the absence of serum, or in the presence of heat-inactivated serum (HIserum, 56~ 30 rain), phagocytosis of M. tuberculosis by human macrophages and monocytes is reduced approximately 70-80%, which correlates with the absence of C3 on the bacterial surface (3, 4) . To further examine the association between stimulation of macrophage PLD activity and phagocytosis of M. tuberculosis, we studied the serumdependence of phagocytosis-associated PLD activation. The level of PLD activity stimulated by M. tuberculosis was reduced 70 +-8% in the absence o f serum and 61 + 7% in the presence of HI-serum (n = 3). Correspondingly, phagocytosis of M. tuberculosis was reduced 76 +-7% in the absence of serum and 69 + 6% in the presence of HI-serum (n = 3). Thus, both M. tuberculosis-stimulated PLD activity and the degree of mycobacterial phagocytosis exhibit similar serum-dependence.
T a b l e 2, Effects of Inhibition qf PLD on the Phagocytosis and Attachment of Opsonized Zymosan by Human Macropha~es
The Competitive PLD Inhibitor 2,3-Diphosphoglycerate Inhibits M. tuberculosis-stimulated PLD Activity and Phagocytosis of the Bacterium.
To further evaluate the role of PLD in phagocytosis of M. tuberculosis, we studied the effects of the competitive PLD inhibitor 2,3-diphosphoglycerate (2,3-DPG) on PEt accumulation and mycobacterial ingestion (28). 2,3-DPG (2-10 raM) inhibited M. tuberculosis-stimulated PLD activity in a concentration-dependent manner, with a maximal reduction of 78 +--9% (Fig. 3) . These levels of 2,3-DPG did not affect the viability or density of the macrophage monolayer, or the viability of M. tuberculosis (data not shown). MDMs incubated with 2,3-DPG (2-10 raM) also exhibited decreased phagocytosis of M. tuberculosis (Fig. 3) , with a maximal inhibition of 74 -Z-_ 5%. Treatment with 2,3-DPG resulted in decreases in both the phagocytic index (Fig. 3, Table 1 ), and the number o f m a crophages phagocytosing at least one tubercle bacillus (data not shown). The results in Fig. 3 represent the inhibition of phagocytosis at 30 rain after the addition of M. tuberculosis. Similar inhibition of the uptake of M. tuberculosis by 2,3-DPG was noted at both earlier (15 rain) and later (120 min) time points (data not shown). The effects of 2,3-DPG on macrophage PLD activity and phagocytosis were not limited to the ingestion of M. tuberculosis, since 5 m M 2,3-D P G produced a 54 -+ 6% reduction in OZ-stimulated PLD activity (n = 6), and a 52 + 5% inhibition of the phagocytosis of O Z (Table 2) 
Purified Bacterial PLD Restores PEt Accumulation and Phagocytosis of M. tuberculosis in 2,3-DPG-treated Macrophages.
The effects of 2,3-DPG suggest an association between the level of macrophage PLD activity stimulated by M. tuberculosis, and the degree of phagocytosis of the bacterium. 2,3-D P G is a selective inhibitor of PLD since it does not block several other activation-dependent signal transduction mechanisms in phagocytes (28) , and inhibits purified PLD in a competitive manner. However, as with most inhibitors, conclusions derived from the use of 2,3-DPG are complicated by the potential for nonspecific effects which could decrease phagocytosis by a mechanism other than inhibition of PA production. To address these limitations, we studied the effects of purified bacterial PLD from S. chromofi,scus on PEt accumulation and phagocytosis of M. tuberculosis. We reasoned that if activation of macrophage PLD by M. tuberculosis is tightly coupled to phagocytosis, then exogenously added PLD might restore phagocytic capacity to MDMs in which endogenous PLD had been inhibited by 2,3-DPG. This approach of adding purified phospholipases, including PLD, of bacterial or plant origin to mammalian cells has been used successfully to analyze the effects of their eukaryotic homologues on cellular activation (29, 30) . 
Inhibition of M. tuberculosis-or OZ-stimulated PA Generation by Ethanol Is Accompanied by Inhibition of Phagocytosis.
Incubation of cells with low concentrations of ethanol has been used to study the involvement of PLD in various physiologic processes (16, 31) . By serving as a nucleophilic substrate for the transphosphatidylation reaction, ethanol diverts PA generation to the production of PEt, thereby effectively inhibiting the generation of the product of the PLD-catalyzed reaction without inhibiting enzyme turnover. Incubation of macrophages with ethanol (0.1--0.75% vol/vol) for 5 rain before addition of M. tuberculosis produced a concentration-dependent inhibition of PA generation, with a maximal reduction of 79 + 11% (Table 3) . Ethanol also inhibited macrophage phagocytosis of M. tuberculosis in a concentration-dependent manner, with a maximal reduction of 65 + 7% (Table 3) . These concentrations of ethanol did not affect macrophage viability, density of the M D M monolayer, or the viability ofM. tubercubsis (data not shown). Similarly, ethanol-treatment of macrophages resulted in dose-dependent inhibition of O Z -s t i m ulated PA generation, with a maximal reduction of 71 + 8% at 0.75% ethanol. The degree of phagocytosis of O Z was reduced in a parallel manner by exposure to ethanol, with a maximal inhibition of 60 + 6% (n = 4). As with 2,3-DPG, incubation of MDMs with ethanol resulted in a small increase in the attachment index for O Z ; from 167 + 10 to 191 + 9 ( Table 2) .
Macrophage Phagocytosis of M. tuberculosis Is Accompanied by h~crea~-ed Protein Tyrosine Phosphorylation.
To study the mechanism ofphagocytosis-associated activation of PLD, we analyzed levels of protein Tyr-P in resting MDMs and those undergoing phagocytosis ofM. tubewulosis. Protein tyrosine kinases (PTKs) activate PLD in many cell types, including phagocytic leukocytes (24, 25, 32, 33) . Recent evidence indicates that PTKs function in transmembrane signaling after the ligation of [32 integrins (34, 35) and Fcy receptors Figure 5 . M. tuberculosis induces an increase in macrophage protein tyrosine phosphorylation. MDM monolayers were incubated at 37~ with buffer or H37Ra M. tuberculosis for the indicated times. 1% Triton X-100 lysates were subjected to SDS-PAGE, Western blotted with PY-20 mAb to P-Tyr, followed by HRP-conjugated (x-mouse IgG, with detection by ECL. Results are representative of data from five identical experiments.
(Fc'yRs)(37, 38). M D M s were incubated with M. tuberculosis or buffer control, under conditions identical to those used in assays of PLD activity and phagocytosis, and Tyr-P proteins were analyzed in Triton X-100 extracts by Westem blotting with (i-P-Tyr mAb. Resting M D M s contained several Tyr-P proteins (Fig. 5) . Incubation of M D M s with M. tuberculosis was associated with a significant increase in protein Tyr-P, particularly in proteins of""150, 95, 72, 56, and 42 kD. Increased levels of protein Tyr-P were detected within 1 min of the addition of M. tuberculosis, and persisted for 60 rain. M. tuberculosis alone contained no detectable tyrosine phosphoproteins (data not shown). Incubation of M D M s with O Z also resulted in rapid and sustained increases in protein Tyr-P (not shown).
Tyrosine Kinase Inhibitors Reduce the Accumulation qf Tyr-P Proteins Induced by M. tuberculosis. To study the relation between M. tuberculosis-induced increases in Tyr-P and (a) stimulation of PLD and (b) phagocytosis, we studied the effect of two highly specific PTK inhibitor, genistein and herbimycin A, on these responses (39, 40) . Incubation of M D M s with either genistein or herbimycin A produced concentration-dependent inhibition of M. tuberculosis-induced protein Tyr-P (Fig. 6) . The PTK inhibitors also reduced basal levels of Tyr-P proteins in resting MDMs, suggesting that a balance of tyrosine kinase and phosphatase activities exists in unstimulated macrophages. (Fig. 7 A) . Genistein also produced a dosedependent inhibition of OZ-stimulated PLD activity, with Table 2 ). Treatment of M D M s with 0.1-43.6 btg/ml herbimycin A resulted in concentration-dependent inhibition of M. tuberculosis-stimulated PLD activity, with a maximal reduction of 87 + 5% (Fig. 7 B) . 0.6 Ixg/ml herbimycin A reduced PEt accumulation secondary to O Z by 73 + 9%. Herbimycin A also produced dose-dependent inhibition of the phagocytosis of M. tuberculosis and O Z , with maximal reductions of 78 ---9% (Fig. 7 B) and 68 + 7% (Table 2) , respectively. These data indicate that macrophage phagocyto- The correlation coefficient for the association between PLD activity and phagocytosis of M. tuberculosis was 0.949, which was highly significant (P <0.005, n = 15).
Tyrosine Kinase Inhibitors Block the Activation of PLD During Phagocytosis qf M. tuberculosis or O Z and
Discussion
The present studies indicate that phagocytosis of virulent or attenuated strains of M. tuberculosis by human macrophages is accompanied by activation of PLD. This is the first documentation that PLD is activated during phagocytosis of a microorganism, as well as the first report of this signal transduction pathway accompanying ingestion of any particle by mononuclear phagocytes. That this PLD activity is of macrophage rather than mycobacterial origin is supported by several lines of evidence. First, macrophage membrane lipids were radiolabeled in phosphatidylcholine substrate (with [3H]-lyso-PC) before the addition of M. tuberculosis. Second, phagocytosis of heat-killed M. tuberculosis was associated with a level of PLD activity that was comparable to that elicited by live bacteria. Third, live M. tuberculosis alone exhibited no detectable PLD activity against an exogenous PC substrate. Fourth, macrophage phagocytosis of O Z was also accompanied by an increase in PLD activity.
The level ofmacrophage PLD activity correlated closely with the extent of phagocytosis of MI tuberculosis or O Z under a variety o f experimental conditions. However, our limited understanding of the cellular localization of PLD and the likelihood that several isoforms of this enzyme exist in mammalian cells (16) , preclude more detailed conclusions from the inhibitor studies. For example, although 2,3-DPG is known to be a competitive inhibitor of purified bacterial PLD (28), the mechanism by which it inhibits manmlalian PLD is unknown. The high charge-density of 2,3-DPG makes passive diffusion through the lipid bilayer unlikely. However, metabolism o f 2,3-DPG (e.g., acylation-deacylation) may significantly affect its partitioning between extracellular and intracellular compartments. It is of interest that the concentration-dependence of 2,3-DPGmediated inhibition of PLD is very similar in macrophages and neutrophils (28) . The strong correlation between the level of macrophage PLD activity and the degree of phagocytosis suggests, but does not prove, a causal linkage between these processes. This hypothesis is strengthened by the restoration of control levels of phagocytosis in 2,3-DPG-treated macrophages by addition of bacterial PLD (at a concentration which resulted in restoration of control levels of PEt accumulation). Although the mechanism by which exogenously added phospholipases mimic their endogenous homologues is incompletely understood, this method has been applied sucessfully to PLD, PLC, PLA2, and sphingomyelinase (29, 30) . It is clear that exogenous phospholipases can use plasma membrane lipids as substrates to catalyze the formation of bioactive lipid products. However, questions remain regarding lipase access to specific leaflets of the membrane, and the localization of products to membrane microdomains containing distal effector molecules. In fact, these issues of interracial catalysis and intramembrane localization remain largely unsolved for endogenous phospholipases as well (16) .
Our results and the work of Andersson and coworkers (8, 12) indicate that the association of PLD activity and phagocytosis is not limited to either a single particle or phagocytic cell type. Concerning the initiation of these responses, the primary phagocyte surface receptors which mediate the phagocytosis of M. tuberculosis (3) (4) (5) , and OZ (23, 41) are CRs. Macrophage MRs also contribute to the phagocytosis of virulent M. tuberculosis (4) and OZ (20, 42) . Because of their prominent role in the ingestion of these particles, CRs are also likely to function in the accompanying activation of PLD. Such a role for CRs is supported by the serum-dependence of PLD stimulation in macrophages and the activation of PLD after cross-linking of CRs in neutrophils (16) .
Since there are significant differences in certain of the biochemical requirements and functional consequences of phagocytosis ofEC3b/bi, OZ, and M. tuberculosis, comparative studies of signal transduction during uptake of these particles will be informative (6, 7) . It is likely that these differences involve the activation, and perhaps deactivation, of distinct host biochemical signaling pathways by each of these particles. Since virulent and attenuated strains of M. tuberculosis stimulated similar levels of macrophage PLD activity (in the 60 min after addition to MDMs), we hypothesize that this early activation of PLD is a relatively proximal step in the interaction between M. tuberculosis and macrophages, and that it is more likely to be involved in the regulation of mycobacterial phagocytosis than to function as a biochemical determinant of virulence.
Phagocytosis requires attachment of the extracellular particle to plasma membrane receptors on the phagocytic cell, followed by ingestion of the particle within a membrane-bound phagosome. The data in Table 1 indicate that inhibition of OZ-stimulated PLD activity and phagocytosis was not accompanied by inhibition of the adherence of OZ to the macrophage surface. In fact, inhibition of PLD by different mechanisms was associated with a small increase in the attachment index for OZ. These considerations support the following model of signal transduction during CRmediated phagocytosis: (a) ligation of complement receptors by the phagocytic particle results in, (b) activation of PLD, which is involved in the regulation of (c) particle ingestion. The effects of ethanol, which diverts the generation of the physiologic product, PA, to the metabolically inactive PEt, support this hypothesis, since the catalytic activity of PLD is preserved, yet phagocytosis is markedly inhibited. Thus, we propose that PLD inhibitors dissociate the attachment of a particle from its phagocytosis. In support of this model, incubation of electroporated polymorphonuclear leukocyte/neutrophil (PMN)(which were not competent for phagocytosis) with OZ resulted in stimulation of PLD in the absence of particle ingestion (8) .
The effects of genistein and herbimycin A suggest that PTKs function in both stimulation of PLD and the regulation of CR-mediated phagocytosis. Consistent with this hypothesis, M. tuberculosis and OZ stimulate significant increases in macrophage protein Tyr-P. Although it is recognized that the use ofPTK inhibitors may reduce the degree of phagocytosis by mechanisms other than inhibition of PLD activity, this hypothesis is consistent with the established roles of PTKs in: (a) [32 integrin-dependent signaling (34, 35) , (b) the activation of PLD in many cell types, including phagocytic leukocytes (24, 25, 32, 33) , and (c) phagocytosis mediated by FcyRs (37, 38). In addition, Mege and coworkers have demonstrated that phagocytosis of unopsonized zymosan is associated with activation of PTKs, although the specific receptors responsible for this response are unknown (36) .
The mechanism by which stimulation of PLD is coupled to the progression of phagocytosis is unknown. PA activates several lipid-modifying enzymes, such as PI-PLCy 1, phospholipase AI, and phosphoinositide-4-and 5-kinases (44) , which may participate in the membrane remodeling and/or biochemical signaling which occur during phagocytosis. PA also activates protein kinases that likely function as effectors in PLD-initiated signaling pathways (45) . Finally, the conversion of PA to DG, and the resultant activation of PKC, could promote CR-mediated phagocytosis by multiple mechanisms, including phosphorylation of OR1, MARCKS, and other, as yet undefined, substrates (8, 13, 14, 32) . In addition to its proposed role in the regulation of receptor-mediated phagocytosis, the activation of PLD which accompanies particle uptake may modify subsequent phagocyte functions, including antimicrobial responses, via generation of PA and DG (31, 45, 46) . Molecular definition of the relevant signaling components (PLD isoforms, PTKs), their intracellular loci, and detailed quantitation of their respective activities will be required to further our understanding of the role of PLD in receptor-mediated phagocytosis.
We would like to thank Drs. William M. Nauseef and Bradley E. Britigan, for their encouragement, ongoing critiques of the work, and careful reviews of the manuscript. We are grateful to Toni Kaufman for his technical assistance.
